a role in earlier pathfinding decisions. In the spinal cords of both mouse and chick embryos, rhythmic bursts of activity, which propagate throughout the cord and bear Summary many similarities to retinal waves, occur at early developmental stages (Milner and Landmesser, 1999; Hanson Rhythmic spontaneous electrical activity occurs in many parts of the developing nervous system, where and Landmesser, 2003), when motor axons have just exited the spinal cord, segregated into motoneuron it plays essential roles in the refinement of neural connections. By blocking or slowing this bursting activity, pool-specific fascicles, and made a major dorsal-ventral (D-V) pathfinding decision. via in ovo drug applications at precise developmental periods, we show that such activity is also required at By characterizing the cord circuits that generate this activity, we were able to abolish or alter the frequency much earlier stages for spinal motoneurons to accurately execute their first major dorsal-ventral pathfindof spontaneous rhythmic bursting in chick by chronic in ovo application of drugs that interfered with specific ing decision. Blockade or slowing of rhythmic bursting activity also prevents the normal expression patterns transmitter systems at different developmental stages. We provide evidence that altering this activity before of EphA4 and polysialic acid on NCAM, which may contribute to the pathfinding errors observed. More and during the time that motor axons were making dorsal-ventral pathfinding decisions resulted in altered fasprolonged (E2-5) blockade resulted in a downregulation of LIM homeodomain transcription factors, but ciculation in the plexus and axon pathfinding errors. In addition, the expression of several guidance/adhesion since this occurred only after the pathfinding errors and alterations in guidance molecules, it cannot have molecules was altered by the same drug treatments and may contribute to the pathfinding errors. contributed to them.
Introduction Results
Axons require multiple cues to be guided to their targets, Soon after motor axons exited the spinal cord (E4, St and many molecules that are involved in these guidance 24), extracellular suction electrode recordings from events have been identified (Dickson, 2002) . A general them demonstrated the presence of spontaneous rhythconsensus has emerged that such molecular mechamic bursting episodes (Milner and Landmesser, 1999) . nisms are most commonly used for pathfinding to the In both chick and mouse, nicotinic cholinergic transmistarget area and that it is only within the target that electrision is required for the generation of these spontaneous cal activity contributes to the fine tuning of the connecepisodes during the period of axon growth and initial tions (Katz and Shatz, 1996; Crair, 1999 resulted in many motoneuron somata that were inapproreceptor (nACHR) ␤2 subunit abolished these waves, priately positioned for the muscle to which they proinhibited layer specific segregation of retinal axons in jected . However, it was unclear if these the lateral geniculate nucleus (LGN) (Penn et al., 1998;  were due to motoneuron pathfinding or somal migration Bansal Figures 1E and 1H ). In contrast, from St 28 on, rhythmic ( Figures 1A and 1B) . Acute application of the GABA A activity was completely abolished and only upon drug receptor antagonist picrotoxin (50 M) slowed the frewashout resumed to control levels ( Figure 1E ). When quency, but upon drug washout it rapidly returned to picrotoxin and strychnine were applied simultaneously control values ( Figure 1B ). Although motor axons had ( Figure 1F ), spontaneous bursting activity was blocked just grown to the base of the limb, and limb muscles at all stages studied (St 25-30). These data show that had not yet formed, the bursts of spontaneous electrical spontaneous bursting activity is affected by chronic activity exhibited one-one correlations with S-shaped strychnine only at later stages of development, while movements of the trunk musculature. Therefore, such the converse is true for blockade of GABA A receptors. movements could be used to monitor the effects of Thus, we could compare the effect of blocking or slowin ovo drug application on spontaneous cord activity.
ing spontaneous rhythmic activity at precise stages on These in ovo movements were significantly slowed motor circuit development. by acute picrotoxin application (0.05 mg in 100 l of In all conditions that blocked rhythmic bursting activTyrode's solution to the chorioallantoic membrane; Figity, spontaneous unit activity could still be recorded from ure 1C; 1ϫ acute picrotoxin), while a 10-fold lower dose the nerves. Thus, during chronic strychnine, picrotoxin, (0.1ϫ acute picrotoxin) was without effect. Based on or combined treatments, motoneurons were still firing the threshold concentration of picrotoxin (50 M) that spontaneously, but this activity was not organized into slows the frequency of spontaneous episodes in isorhythmic bursts. We evaluated the extent to which overlated cords, we infer that our in ovo drug dose, which all spontaneous unit activity ( Figures 1J and 1K ) was was given twice a day, was approximately 50 M and altered by chronic picrotoxin treatment at St 23 by quanthus in the physiological range.
tifying the number of units that fired between bursting Following in ovo treatment with picrotoxin from St 20, episodes (see the Experimental Procedures). Although the frequency of axial movements at St 23 (13-20 hr the interval between rhythmic bursting episodes was later) was significantly slowed to a value similar to the increased by picrotoxin treatment from 2 to 4 min, the acute picrotoxin treatment ( Figure 1C) . Further, if such number of unit firings between episodes was also signifiembryos were dissected in 50 M picrotoxin, the frecantly increased ( Figure 1I ). Thus, we conclude that alquency of spontaneous episodes of electrical activity though picrotoxin slows episodes of spontaneous burstwas also slowed in isolated cords ( Figure 1B ) but recoving, it does not alter overall spontaneous activity (that ered to control values on drug washout. To assess the occurring both within and between bursts; see the Exeffect of this treatment at later stages, embryos were perimental Procedures for further explanation). Thus, treated from St 20 to 21, when most of the lumbosacral the effects described below cannot be simply attributed motoneurons had been born and were in the process to a quantitative reduction in overall activity. of migrating to their pool-specific positions in the ventral horn (for review, see Shirasaki and Pfaff, 2002 Figure 1D ). Therefore, Figure 2A ; femorotibialis, Figure 2D ; and innervate ventral muscles (i.e., adductor) are Lim1Ϫ/ adductor, Figure 2G Figure 3G , showing that these cells (arrows) were both medial-lateral axis of the cord. These were found in all Lim1ϩ. Had these been adductor motoneurons that had picrotoxin-treated embryos, and while their a-p distribumade a somal migration error, they should have been tion varied slightly from embryo to embryo, they ocIslet1ϩ/Lim1Ϫ. Since they expressed the transcription curred throughout most of the a-p length of the pool.
factor code appropriate for the LMC l , we considered All were within segments that normally contribute to these to be sartorius or femorotibialis motoneurons that the individual muscles. Table 1 shows the number of had inappropriately innervated the adductor muscle. In misplaced motoneuron somata as a proportion of the alternate sections stained for Islet1/2, no misplaced monumber of HRP-labeled motoneurons for each muscle.
toneurons backlabeled from the adductor muscle were The mean number of misplaced motoneurons expressed found to be Islet1ϩ (data not shown). as a proportion of all labeled motoneurons for that pool Similarly, after retrogradely labeling motoneurons was 10%, 8%, and 10% for the sartorius, femorotibialis, projecting to the sartorius in picrotoxin-treated emand adductor pools, respectively (n ϭ 4 per muscle).
bryos, we detected motoneurons that were separated These might represent either axonal pathfinding errors from the laterally located sartorius motoneuron pool and or motoneuron somata that had failed to migrate to their in the position of the LMC m . These were Islet1ϩ, as appropriate positions. To distinguish between these shown in the higher-magnification view ( Figure 3H , possibilities, we characterized the columnar identity of arrows) of the yellow box shown in Figure 3E . Such the misplaced motoneurons by determining their exmisplaced sartorius motoneurons were always Lim1Ϫ pression pattern of LIM transcription factors (Tsuchida (data not shown) and thus appeared to be adductor motoneurons that had projected to the sartorius muscle. et al., 1994). 
The vast majority of misplaced motoneurons fell into
The results of these experiments, which are quantified in Table 2 , indicate that we detected no displaced motothese two classes, but in a few cases motoneuron somata were observed even more medially, in the location neurons that were expressing the transcription factor code appropriate for the muscle injected and would of the medial motor column (MMC), as in the example of a sartorius-injected muscle ( Figures 3F and 3I) . Motothus be considered to represent somal migration errors. Another possibility is that some motoneurons may have neurons in the MMC at this level innervate epaxial (body wall) muscles and are Lhx3ϩ and Islet1ϩ but Lim1Ϫ made somal migration errors but then changed their transcription factor code to correspond to neurons (Sharma et al., 1998 (Sharma et al., , 2000 . While these neurons (within the yellow box in Figure 3F and shown at higher magnifiaround them. This seems unlikely based on studies in which the settling pattern of motoneurons was altered cation in Figure 3I [ of the misplaced motoneurons did not have unambiguWe therefore determined the levels of NCAM and PSA expression by coimmunostaining with monoclonal antious nuclear staining for the transcription factor for which bodies that recognized all isoforms of NCAM or PSA, that section was stained and would include cells that respectively. In control embryos at St 24 ( Figure 5L ) and expressed the other transcription factor or cells whose St 25 (Figures 5A-5C and 5M), PSA levels were higher nucleus was for the most part out of the plane of section.
on dorsal compared to ventral nerves, whereas NCAM These were classified as of undetermined identity in levels did not differ ( Figure 5A ). This differential expres- Table 2. sion of PSA was maintained through St 29 ( Figure 5N ). In embryos chronically treated with picrotoxin, PSA levels ., 1992) . At pared to 1.9 Ϯ 0.15 min for controls, the expression of later times, during axon ingrowth within muscles, PSA PSA-NCAM was not significantly altered ( Figure 5Q ). expression on motor axons increased following neuroThus, we conclude that activity is acting in a permismuscular activity (Landmesser et al., 1990 ), but its sensisive manner. Spontaneous bursting activity was not required for the tivity to activity at earlier stages was unknown. Figures 7E and 7G ). in our experiments, altering rhythmic bursting activity at early stages may have affected EphA4 levels indirectly
(D), and (G) show immunostaining with an antibody that recognizes all isoforms of NCAM, and (B), (E), and (H) show immunostaining for PSA-NCAM in transverse limb sections at the level of the plexus. The color panels at right show the merged NCAM (green) and PSA-NCAM (red) images. In St 25 control (A-C) and strychnine-treated (G-I) embryos, PSA is expressed more strongly on dorsal than on ventral (arrows) axons but is downregulated on both by picrotoxin treatment (D-F). (J and K) Cross-sections of St 25 control and picrotoxin-treated spinal cords, immunostained for PSA (top) and NCAM (bottom). Following picrotoxin treatment, PSA is downregulated in the LMC that contains the motoneuron somata, but its expression on commissural axons (arrows) and on cells in the myotome (asterisks) is not affected. (L)-(N) show bar graphs quantifying PSA levels on dorsal and ventral axons relative to control dorsal and ventral axons for
The downregulation of these transcription factors was selective for limb-innervating motoneurons, as we did via effects on Lim1 expression. However, St 25 and 26 embryos that were chronically treated with picrotoxin not detect differences in their expression in axial motoneurons at thoracic levels (data not shown) or in DRG or strychnine had expression patterns of both Lim1 and Islet1 proteins that did not differ from control embryos cells (Figures 7G and 7H ; asterisks). (data not shown). Similar results were obtained for embryos chronically treated with both picrotoxin and Discussion strychnine and shown in Figure 7 . In St 25 controls (Figure 7A) , many Lim1ϩ (green) LMC l motoneurons had
In contrast to the generally accepted view that spontaneous electrical activity is for the most part important not yet migrated to take up their position lateral to the only in the refinement of axonal projections and synaptic under the control of the HB9 promoter, would suppress all activity or all motoneuron activity and thus not allow connections within a target (Katz and Shatz, 1996), the present study has shown that rhythmic bursting activity us to make this distinction. How might slowing the rhythmic episodes, which occur every 2-3 min at the relevant is also required for spinal motoneurons to make accurate early pathfinding decisions. We observed that slowdevelopmental stages, result in pathfinding errors? Because the pictures from each channel were stacked, the masks from the internal control were transferred onto the second channel's Quantification of Unit Activity at St 23 ROI and background regions. These mean pixel intensity values of To quantify the spontaneous unit activity occurring both within the second channel's ROI were subtracted from the background rhythmic episodes and asynchronously between episodes, suction region's mean pixel intensities. The second channel's mean pixel electrodes were used to record from axon fascicles in the spinal intensity was then divided by that of the internal control to give a nerve. All units above twice noise level were counted in control mean pixel intensity of the molecule of interest relative to internal and chronic picrotoxin-treated embryos (n ϭ 4 each treatment). To control. Next, the ratios for the particular ROI's mean pixel intensity normalize for differences in the total number of units in individual were averaged for a number of sections from at least three different suction electrode recordings, the number of unit firings within the embryos. These values were then binned according to developrhythmic bursts was averaged for each embryo. The number of unit mental stages. Lastly, within each stage of development, the averfirings occurring between bursts was also counted (expressed as aged ratio of mean pixel intensity of the dorsal axon's ROI in Tyrode's units/min), averaged for each embryo, and then divided by the solution-treated control embryos was used to normalize all other within-burst average.
ROIs from the different treatments. Significance was determined through ANOVA and Student's t test. 
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